The nucleotide sequences of the adjacent genes coding for the F protein and 22K protein of the RSS-2 strain of human respiratory syncytial (RS) virus were determined from cDNA clones of genomic RNA. Comparison of these sequences and the inferred amino acid sequences of the F and 22K proteins with the corresponding published sequences of another subgroup A virus, the A2 strain of RS virus, reveals extensive overall homology (> 95 %) at both the nucleotide and amino acid levels, even though these two viruses were isolated 15 years apart in different continents. The intergenic region and the hydrophobic amino-terminal signal sequence of the F proteins of the two viruses, however, are much less conserved.
INTRODUCTION Human respiratory syncytial (RS) virus is classified in the genus Pneumovirus of the family
Paramyxoviridae. Human RS virus is ubiquitous and has its major impact as a disease-producing agent in infancy, causing severe lower respiratory tract infection. Epidemics of RS virusinduced bronchiolitis and pneumonia occur annually in newborn infants in temperate climates. The same virus is also responsible for recurrent upper respiratory tract infections of lesser severity, which occur throughout life in older children and adults, although it can become lifethreatening in the elderly (for review see Pringle, 1987) . Although RS virus has generally been considered a monotypic virus, the use of monoclonal antibodies has revealed significant antigenic variation. There are at least two subgroups of RS virus, now designated A and B, which were defined initially by epitope differences on one of the two envelope glycoproteins of the virion, namely the G or attachment protein Mufson et al., 1985) . Subsequently it was shown that the two subgroups could also be distinguished by differences in the electrophoretic mobility of the nucleocapsid phosphoprotein (P), by specific anti-P protein monoclonal antibodies (Gimenez et al., 1986) , and by systematic differences in the electrophoretic mobilities of the other envelope glycoprotein, the F or fusion protein (Norrby et al., 1986 ; and our own unpublished observations). Viruses of both subgroups appear to cocirculate within the community and no significant differences in clinical symptoms have been associated with the subgroups.
Although RS virus is widespread and common in the human community, it cannot be grown to high titre in vitro and hence purification is difficult. Progress in determining the nature of RS virus has been dependent on the advent of molecular cloning. The gene order (Collins & Wertz, 1983; Collins et al., 1984a; Dickens et al., 1984; Venkatesan et al., 1983) of the A2 strain of human RS virus and the sequence of nine of the ten genes constituting half the total sequence of the genome, have been determined by cloning of mRNA (Collins et al., 1984b Collins & Wertz, 1985a, b, c; Elango et al., 1985a, b; Satake & Venkatesan, 1984; Satake et al., 1984 Satake et al., , 1985 Wertz et al., 1985) . The sequences of the nine intergenic junctions have also been determined for the A2 strain .
The envelope proteins of RS virus comprise the G or attachment protein and the F or fusion protein, both of which are glycosylated, and the matrix protein and the 22K or second matrix 0000-7899 © 1987 SGM (M2) protein, which are unglycosylated. The sequences of the genes coding for these proteins in the A2 strain have been determined (Elango et al., 1985a, b; Collins & Wertz, 1985a; Collins et al., 1984b) . To investigate the genetic variability of this important human pathogen we are undertaking the molecular cloning of the RSS-2 strain of RS virus. This strain belongs to the same subgroup as the A2 strain, but the two strains were isolated 15 years apart in the Northern and Southern hemispheres respectively.
Here we present the sequence of the genes encoding the F and 22K proteins. The glycosylated F protein is an immunogen in inducing a protective response and is the only protein of RS virus which shows any significant homology at the nucleotide level with the corresponding proteins of other paramyxoviruses (Chambers et al., 1986; . The unglycosylated 22K protein appears to have no counterpart in other paramyxoviruses. Consequently it was of interest in the first instance to examine the variability of these two proteins.
METHODS
Cells. BS-C-1 cells were grown in the Glasgow modification of Eagle's minimal essential medium (GMEM) supplemented with 5~ foetal calf serum (FCS) in an atmosphere of 5~ CO 2 at 37 °C.
Virus. The RSS-2 strain of human RS virus (Cash et al., 1977) was propagated in cells maintained in GMEM plus 1 ~o FCS. Confluent monolayers of BS-C-1 cells in four 2-5 1 roller bottles (approx. 20 × 106 cells per bottle) were infected at a nominal multiplicity of 0.1 to 0.2 p.f.u./cell.
Isolation of viral genomic RNA. At 40 to 48 h after infection when the cytopathic effect was extensive, the cells were harvested into Tris-saline buffer, and viral nucleocapsids prepared according to the procedure described by Ward et al. (1983) . Purified nucleocapsids were then resuspended in 10 mM-Tris-HC1 pH 7.5, 1 mM-EDTA, 0.1 SDS, 100 ~tg/ml proteinase K (Boehringer/Mannheim) and digested for 30 min at 37 °C. The RNA was then obtained by extraction with phenol and chloroform and precipitation with ethanol.
Production ofcDNA clones from RS virus RNA. A library of cDNA clones was produced using random priming of the genomic RNA template with calf thymus DNA oligonucleotide pdN5 (Pharmacia). The cDNA was synthesized by the method of Gubler & Hoffman (1983) ; 15 ~tg of primer was used with approximately 2 to 4 gg of RNA in a final volume of 50 ~tl. The cDNA produced was homopolymer dC-tailed and annealed into dG-tailed PstI-cut plasmid pAT153, and used to transform Escherichia coli strain HB101 (Maniatis et al., 1982) . Tetracycline-resistant colonies were screened using the procedure of Grunstein & Hogness (1975) , and by Southern blot analysis of purified plasmid DNA (Southern, 1975) . The nick-translated probes (Maniatis et al., 1982) used for the identification of RS virus-specific clones were cloned cDNAs from the A2 strain of RS virus kindly provided by Dr Gall Wertz (Department of Microbiology, University of Alabama, Birmingham, Ala., U.S.A.).
Sequencing ofcDNA clones, cDNA inserts of RS virus-specific colonies were either subcloned directly into M 13 mpl8 and mpl9 (Yanisch-Perron et al., 1985) , or subjected to further restriction enzyme digestion before subcloning. The nucleotide sequences of the subcloned inserts were determined by the dideoxy chain termination method (Sanger et al., 1977) . A sonic digitizer, (Graf Bar, Science Accessories Corporation) was used to read sequence data into an IBM PC/AT microcomputer and analysed using the Microgenie DNA Handling Programs (Beckman). The final sequence was compiled from at least four determinations of each base.
Reagents. Restriction enzymes and [3sS]dATP used for sequencing were obtained from Amersham. The reverse transcriptase was obtained from NBL Enzymes Ltd. (U.K.) and DNA polymerase Klenow fragment from Pharmacia.
RESULTS

Isolation of cDNA clones specific for the fusion protein gene
The cDNA clones were screened for the presence of inserts homologous to RS virus A2 strain sequences as described in Methods. Of the two membrane glycoproteins, the F protein of the RSS-2 strain was considered more likely to possess homology with the F protein of the A2 strain, because monoclonal antibody epitopes appear to be more conserved in the F protein at least in comparison with the G protein (Mufson et al., 1985) . Indeed the first large RS virus-specific clone isolated, clone 155, contained all of the F protein gene sequence (Fig. 1 ). Upon digestion with PstI, this clone released three fragments of 2.0, 0.45 and 0.35 kb, which cross-hybridized with the F, 22K and G probes, respectively, of the A2 strain. The 155 clone was used to isolate other RSS-2 cDNA clones specific for this central region of the genome (e.g. clones 63 and 107 in Fig. 1 ). 
eDNA sequence of the fusion and 22K protein genes
A cDNA sequence of 2553 nucleotides is presented in the positive (mRNA) sense in Fig. 2 . Where the clones isolated overlap, the sequence presented is derived from all of the clones. The sequence begins with the 5'-GGGGCAAAT... consensus sequence which is a common feature of the nine RS virus mRNAs characterized so far . The F gene extended for t 903 nucleotides ending in the sequence... AGTTATATAAAA-3', which was identical to the 3' terminus of the A2 strain, and is one of the two variations of the consensus sequence common to all nine RS virus genes. The F gene was followed by a 45 nucleotide intergenic region ending at the beginning of the 22K gene. The F/22K intergenic junction in the RSS-2 strain was one nucleotide shorter than the corresponding intergenic region of the A2 strain as a result of a two base insertion and a single base deletion. No particular secondary structure for this stretch of RNA could be determined. Although the entire sequence of the 22K gene is not presented in Fig. 2 , the sequence shown includes the single long open reading frame coding for this protein with the initiation signal ATG at positions 1958 to 1960 and the termination signal TGA at positions 2540 to 2542. The 22K gene of the A2 strain had an identical length of 605 nucleotides, followed by a long 3' untranslated region extending to a total length of 957 nucleotides which included a short open reading frame of unknown function overlapping with the end of the 22K gene (Collins & Wertz, 1985a; Elango et al., 1985b) .
The predicted sequence coding for the F protein was a 574 residue open reading frame between nucleotides 14 and 1735, which would produce an uncleaved polypeptide with a mol. wt. of 63417 (Fig. 3) , compared with 63453 of the A2 strain protein. No other open reading frame of any significant size was present. The data of Elango et al. (1985a) indicate that the cleavage activation site for proteolytic cleavage of the F protein to F2 and F1 is at amino acid 136, giving a carboxy terminus for the F2 portion of Lys-Lys-Arg-Lys-Arg-Arg-COOH. The F protein had five potential N-linked glycosylation sites at the sequence Asn-X-Ser/Thr. Four of these sites were in the smaller amino-terminal F2 portion, and one was in the larger F1 carboxyterminal portion. This latter site was close to the long hydrophobic region at the COOH end of the molecule, which is presumed to be the membrane anchorage domain of the molecule. The four glycosylation sites found in the F2 region could account for the discrepancy observed between the apparent size of the polypeptide as determined by its electrophoretic mobility, giving an estimated mol. wt. of approximately 20000, and the value of 15400 calculated from its inferred amino acid composition.
The 22K protein inferred from the nucleotide sequence of the RSS-2 strain like that of the A2 strain was 194 amino acids in length, and contained no glycosylation sites. Its predicted mol. wt. was 22140 compared with the 22156 of the A2 strain protein. There were only three amino acid differences in the proteins of the two strains. Leucine at position 120 in the A2 strain was represented by proline in the RSS-2 strain, asparagine at position 163 by threonine, and threonine at position 184 by isoleucine. Comparison of the nucleotide sequence presented here with the corresponding nucleotide sequence of the A2 strain (Collins et al., 1984b; Collins & Wertz, 1985a; Elango et al., 1985a, b) reveals a high degree of homology, in spite of the fact that the A2 strain was isolated in Melbourne, Australia in 1961 and the RSS-2 strain in Newcastle-upon-Tyne, U.K. in 1976. Although both strains are classified in subgroup A, they have been propagated independently in different laboratories and in different cell systems. Despite this there is very little difference in sequence. The overall homology of the F genes is 97 ~o at both the nucleotide and amino acid level. Table I shows that the difference between the two sequences is greatest in the hydrophobic amino-terminal 'signal' region, and paradoxically least in the F 1 region where the neutralization epitopes are localized (Walsh et al., 1985) and might be expected to be exposed to the greatest selective pressure. The homologies of the 22K genes are 97.4~o at the nucleotide level and 98.5 ~o at the amino acid level. Even closer homology was observed when the phosphoprotein gene sequence of another subgroup A strain of RS virus isolated in Edinburgh, U.K. in 1977 was compared with the A2 strain (Lambden, 1985) . In this case homology at the nucleotide level was 96.38 ~ and 99.17 ~ at the amino acid level. In contrast there was only 84 ~ nucleotide homology between the F/22K intergenic regions of the RSS-2 and A2 strains. This together with the lack of conservation in length and sequence of the nine intergenic regions of the A2 genome indicates that there is very little pressure to conserve these regions. It is likely that the intergenic regions serve merely as spacers between genes. The genes therefore presumably not only code for the virus polypeptides but also contain control elements for the transcription of mRNA from the genome template. There was, however, total or near conservation of the consensus sequences found at the beginning and end of the genes respectively.
The inferred amino acid sequences of the 22K proteins of the two strains are very similar and differ by only three amino acids. This degree of change is unlikely to affect the function of this membrane protein, since all the changes are conservative changes involving substitution of one hydrophobic amino acid by another. The 17 amino acid substitutions in the F protein were also all hydrophobic. The changes were clustered, however, nine of the 17 being in the smaller amino-terminal F2 protein region and the remainder located predominantly in the carboxyterminal half of the F 1 protein. At least two and possibly three fusion and neutralizing epitopes have been defined which exhibit partial overlap and one has been unequivocally localized to the F1 fragment (Walsh et al., 1986) . Trudel et al. (1987) using an efficient monoclonal antibody have provisionally located the major neutralization epitope by chemical and enzymic cleavage to the region 212 Cys to 236 Glu of the F1 protein. Interestingly, this was a totally conserved region in the comparison of the A2 and RSS-2 strains.
Accumulation of additional sequence information for strains of both subgroups of RS virus is essential to enable the variability of this important human pathogen to be assessed. To this end we are currently extending the sequencing of the genome of the RSS-2 strain and have initiated cloning and sequencing of the RSN-2 strain, a subgroup B virus also isolated in Newcastle-uponTyne in 1972. Preliminary data from hybridization studies suggests that there is greater sequence divergence between strains of different subgroup than between strains of the same subgroup.
